The term EMT (epithelial-mesenchymal transition) is used in many settings. This term is used to describe the mechanisms facilitating cellular repositioning and redeployment during embryonic development and tissue reconstruction after injury. Recently, EMT has also been applied to potential mechanisms for malignant progression and has appeared as a specific diagnostic category of tumors. In mice, most 'EMT' tumors have a spindle cell phenotype. The definition of EMT is controversial because spindle cell tumors are not common in humans, especially in human breast cancers. Spindle cell tumors of the mouse mammary gland have been observed for many years where they are usually classified as sarcomas or carcinosarcomas. Genetically engineered mice develop mammary spindle cell tumors that appear to arise in the epithelium and undergo EMT. To better understand the origin and evolution of these spindle cell tumors in progression and metastases, seven cohorts of spindle cell tumors from the archives of the University of California, Davis Mutant Mouse Pathology Laboratory were studied. This study provides experimental and immunohistochemical evidence of EMT showing that dual epithelial and mesenchymal staining of tumor spindle cells identifies some, but not all, EMT-type tumors in the mouse. This suggests that potential EMT tumors are best designated EMT-phenotype tumors.
Epithelial-mesenchymal transition (EMT) breast cancers have become a topic of intense interest and of some controversy. [1] [2] [3] [4] Some experiments suggest that EMT is an intrinsic component of neoplastic progression to invasion and metastases. 5, 6 The controversy focuses on whether EMT tumors occur in human breast carcinoma. 2 However, in mouse tumorigenesis, probable EMT-type phenotypes have been recognized and were described in the early 1900s as carcinosarcomas. 7, 8 The early investigators primarily associated these spindle cell carcinosarcomas with transplantation experiments performed before the advent of the inbred mouse strains. 9 Some have suggested that these tumors were artifacts of transplantation. 8, 10 With the development of inbred mouse strains and the recognition of the mouse mammary tumor virus, these murine mammary carcinosarcomas remained in the tumor nomenclature but were viewed as an artifact of tissue culture. 10 In 1989, Thiery 4, 11 recognized the similarity of some features of in vitro transformation with developmental EMT. The term 'EMT tumor' has found increasing use in the subsequent literature. 12 The EMTphenotype tumors in mice have a spindle-cell pattern. 3 Since spindle cell tumors with identical morphology but different origins frequently occur in mice, the challenge for the pathologist is distinguishing between the different types of spindle cell tumors.
Recently, EMT tumors have been reported in primary mammary tumors of certain genetically engineered mice that have lost expression of the initiating oncogenes and in tumors that escaped oncogene addiction. [12] [13] [14] [15] These tumors were initially categorized as 'spindle-cell' tumors but immunohistochemical analysis demonstrated the presence of cytokeratins (CK), vimentin and smooth muscle actin (SMA), suggesting a mixed lineage or a myoepithelial cell origin. 15 Subsequent analysis revealed upregulation of the Snail transcription factor associated with other types of EMT.
14 These characteristics justified the application of the term 'EMT' to certain tumors. Since mice develop spindle cell tumors apparently originating from epithelial and mesenchymal tissues, the term cannot be applied to all such tumors. Reports of EMT in human tumors have emphasized the loss of expression of 'epithelial' genes such as E-Cadherin and upregulation of genes associated with mesenchymal differentiation. But examination of the histopathology demonstrates readily identifiable disorganized epithelial tumors which do not have the spindle cell differentiation found in the mouse tumors. 16 These applications of the term, EMT, raise the question of criteria used for 'EMT'.
Given that the full range of histological and immunological characteristics of the EMT tumor phenotype in mice has not been systematically characterized, we undertook a study of several experimental examples from our archives. Here, we record our observations on spindle cell tumor cohorts from the mouse mammary gland from the archives of the University of California, Davis Mutant Mouse Pathology Laboratory. We studied at least 11 examples of spindle cell tumors from each of seven cohorts submitted from five laboratories since 1990. Our intention is to help define the range of possible phenotypes for spindle cell tumors derived from mouse mammary epithelium and help establish reasonable criteria for the diagnosis of EMT tumors.
MATERIALS AND METHODS Tumor Cohorts
All the tumors material used in this study were provided by University of California, Davis (UCD) Mutant Mouse Pathology Laboratory Archive of the Center for Comparative Medicine.
Cohort 1: 'Met-1' and 'Met-1AS-OPN' tumors described previously. Immunohistochemistry and Immunofluorescence Four-micrometer-thick paraffin sections were stained with Mayer's H&E or immunostained as described previously. 23 The following primary antibodies were used with the VEC-TASTAIN ABC Elite Kit (Vector Laboratories, Burlingame, CA, USA): guinea-pig anti-CK 
Gene Expression
Total RNA extraction and biotin-labeled probe synthesis for gene expression analysis has been described previously. 23, 24 Frozen tissues from three different Met-1 and Met-1 AS-OPN tumor were used for hybridization onto Murine Genome U74Av2 GeneChips (Affymetrix, Santa Clara, CA, USA). The scanned images were processed using GCOS 1.4, and then the data was analyzed with GC-RMA in the ArrayAssist software package (Stratagene). GCRMA derived expression values were log-transformed and analyzed in ArrayAssist (t-test, unequal variance). Expression comparisons of Met-1 and Met-1 AS-OPN were carried out in ArrayAssist using t-test with FDR correction.
RESULTS
The most detailed information come from a transgenic mouse model and derivative transplantable tumor cell cohorts developed and studied in our laboratory. This permitted in-depth comparisons of individual experimental cohorts. Other cohorts included in this study come from samples developed in other institutions and submitted to the UCD Mutant Mouse Pathology Laboratory for interpretation (see Supplementary Table 1 ).
Cohort 1: Met-1 and Met-1 As-OPN Tumors The primary experimental cohort is represented by a total of 15 tumors from transplantation of 'Met-1' (n ¼ 4) and 'Met-1 AS-OPN' (n ¼ 11) cells. Met1 cells are derived from a FVB/N Tg(MMTV-PyVT)634Mul mammary tumor and were in their seventh passage when transplanted into syngeneic mice. 25 The Met-1 AS-OPN cells are a subset of Met-1 cells that were stably transfected with a full-length osteopontin (Spp1) anti-sense RNA plasmid expression construct. 17 The molecular and biological properties of both lines have been described. 17 The Met-1 tumors, as described previously, can be classified as adenocarcinomas with cohesive nodules of cells with patchy glandular development. 25 In contrast, the EMT tumorigenesis in the mouse mammary gland P Damonte et al markers as judged by staining for vimentin, CK14 or SMA. In contrast, tumor cells from transplants of Met-1 AS-OPN cells were positive for mesenchymal markers such as SMA and vimentin but none of the epithelial and myoepithelial markers were detectable (Figure 1 ).
The Met-1 AS-OPN tumors also have a reduced expression of the transgene, PyVmT, as compared to the Met-1 tumor cells or the native FVB/N Tg(MMTV-PyVmT)634Mul primary tumors. 25 Nonetheless, it still contained the PyVmT gene (see Supplementary Data). The PyVmT antigen and RNA were not detectable in the Met-1 AS-OPN-derived tumors (data not shown). The expression microassays of Met-1 AS-OPN tumors also show upregulation of EMT-related genes such as Snail, transforming growth factor, beta1 (TGFb1), S100 calcium binding protein, syndecan 1 (SDC1), Syndecan 2 (SDC2) and stress-induced protein-1 (SIP-1) (see Supplementary Table 2) .
tumor samples from various locations such as mammary and salivary glands, neck and genitalia had poorly differentiated patterns of interlacing spindle cells. 18 Each tumor was heterogeneous with variations of spindle cell morphology and organization ( Figure 2 ). The cells were primarily fusiform, with large pleomorphic, hyperchromatic nuclei with multiple and prominent nucleoli and abundant deeply eosinophilic polar cytoplasm. Tumor giant cells were also present.
The immunohistochemistry demonstrated tumor cells had both basal or myoepithelial keratins (CK14) and luminal keratins (CK8/18) with SMA but lacked E-cadherin staining (data not shown). All tumors stained with the mesenchymal marker vimentin. The spindle cells generally displayed overlapping populations containing two or more of the intermediate filaments and SMA. However, the tumors were morphologically and immunologically heterogeneous. Some areas stained for only one of the intermediate filaments or had foci with more intense staining for one marker. Many tumors had scattered and poorly formed gland-like epithelial structures that recapitulated the luminal-basal organization of the normal mammary gland.
þ /À Tumors Eleven primary and recurrent mammary tumors from doxycycline-induced, FVB/N Tg(MMTV-rtTA) Â FVB/N Tg(Teto-Wnt1) Â CgFVB/N.129B6(Trp53( þ /À) female mouse were studied. In this model, primary tumors arise after induction of the oncogene with doxycycline in the drinking water. Removal of the doxycycline results in dramatic regression of the tumors. 19 Some tumors, however, either persist or reappear despite the loss of oncogene expression 19 The histologic examination of primary tumors showed classical Wnt-type tumors that have microacinar, cord-like or cystic patterns surrounded by a dense collagenous stroma. IHC analyses show CK8/18 expression in all the epithelial cells identified on routine H&E stains in both primary and recurrent neoplasms. In addition, some fusiform cells present in the spindle cell tumor are also CK8/18 positive. On the other hand, CK14 was only expressed in myoepithelial cells surrounding the glandular structures in both adenocarcinoma and spindle cell tumor. SMA, also a marker for myoepithelium, was expressed, not only in its usual basal location in the epithelium, but also in some spindle cells within the recurrent tumor mass. In contrast, vimentin was found only in the stroma and not in the neoplastic cells of the primary adenocarcinoma. In the recurrent tumors, however, a variety of proportions of the neoplastic spindle cells were vimentin positive. The spindle cells did not express E-cadherin and most epithelial cells did express E-cadherin.
An example of a recurrent tumor (Figure 3 ) appears as a spindle cell tumor with well-differentiated glandular clusters at one end that merge and transit into the spindle cell population. This area of tumor shows a mixture of glandular (CK8/18) and myoepithelial cells (CK14/SMA) but the spindle cell population is not stained by epithelial markers or by E-cadherin, but is positive for vimentin.
Cohorts 4, 5, 6 and 7
Additional tumor cohorts from our archives had mammary tumors with spindle cell phenotypes. They have similar characteristic and have been described in previous publications but were not called 'EMT' tumors. 13, 20, 21 As reported previously the phenotypes of the MMTV/ILK-induced tumors in FVB/N Tg(MMTV-Ilk) were variable, in a spectrum from papillary adenocarcinomas to undifferentiated spindle cell tumors. Most of the spindle-cell tumors showed evidence of an epithelial to mesenchymal transition with reduced transgene expression. The FVB/N Tg(MMTV-Ilk) cohort is the prototypic example of EMT in transgenic animals that stimulated the study of EMT in mouse tumors. 13 In these tumors, the well-differentiated adenocarcinomas express the epithelial marker CK8/18 and E-cadherin, the mixed tumors exhibited dual staining with vimentin and cytokeratin and the spindle cell tumors were positive for mesenchymal markers but negative for E-cadherin and CK8/18. Similarly, tumors from a FVB/N (MMTV-mGSK ) cohort show a range of histologic subtypes as glandular, squamous and spindle cell tumors. Cells from the spindle tumors exhibit dual stain for epithelial and mesenchymal marker. 20 Tumors arising in EMT tumorigenesis in the mouse mammary gland P Damonte et al FVB/N Tg(MMP-3/stromelysin-1) mice also exhibit some degree of epithelial to mesenchymal conversion showing vimentin immunoreactivity in addition to epithelial cytokeratin staining. 21 In contrast, the spindle cell tumors from FVB/N TacTg(Hba-x-v-Ha-ras) TG-ACLed mice, which have enlarged spleens with myeloid hyperplasia and activation of HRas, 22 were vimentin positive and F4/80 (CD44) positive but do not stain with anti-cytokeratins (see Supplementary Data). This cohort of spindle cell tumors arising in the dermis has a spindle cell phenotype very similar to the mammary described above. Despite this morphologic similarity, the immunophenotype is distinct and is associated with a probable histiocyte origin. 
Co-Localization of Epithelial and Mesenchymal Intermediate Filaments

DISCUSSION
This study describes the morphology and immunohistochemistry of spindle-cell tumors of the mammary gland from six cohorts published previously. Since most of these tumors arose in association with the expression of epithelial-specific transgenes or silencing of tumor suppressor genes, the tumors, in all probability, arose from the mammary epithelium. Experimental Cohort #1 was derived directly from an epithelial cell line following experimental manipulation. Cohort #2 arose in tumor suppressor gene knockouts. Cohort #3 tumors are recurrent tumors following oncogene de-induction with doxycycline. The other cohorts demonstrate that spindle-cell tumors arise in mammary glands in a variety of genetically engineered mice and, in spite of the diverse oncogenic stimuli, are a relatively common endpoint.
The immunohistochemistry demonstrates that dual staining for the two intermediate filaments, vimentin and cytokeratin, staining for smooth muscle actin and a loss of E-Cadherin staining are common features in the spindle-cell tumors of a number of GEM cohorts. The simultaneous immunohistochemical staining of representative samples demonstrates the two intermediate filaments in the same fusiform cells (Figure 4) . Therefore, these mammary tumor 14 Identification of upregulation of Snail and Snailrelated genes in these and other cohorts reinforces the connection between Snail and EMT in mouse mammary tumorigenesis. 14, 18 The term EMT was first used in developmental biology to describe a number of reversible transition events occurring during embryogenesis. 2 It has been applied to tumorigenesis to describe the progressive loss of epithelial traits in some tumors with the acquisition of mesenchymal traits. 4 The application of the term EMT to tumor biology has resulted in considerable debate. [1] [2] [3] [4] Many investigators have applied the term EMT to the subpopulation of tumor cells that migrate through the stroma to metastasize. To result in recognizable epithelial metastases, reversal of the EMT would be required (MET?) at the implantation/colonization site. Others, such as Tarin, dispute this possibility. 2 Since mice frequently have spindle-cell tumors, it was important to examine multiple tumors from multiple types of cohorts to begin defining histological and immunological criteria for the diagnosis of an EMT tumor.
Our studies demonstrate that immunohistochemistry provides reliable and specific confirmation of EMT-phenotype in mouse mammary tumors. They also demonstrate that, even within the same cohort, these spindle-cell tumors exhibit a tremendous variation in staining patterns (Supplementary Table 1 ). At one extreme, tumors known to have originated from epithelium (Cohort #1), lack any evidence of dual staining (Figure 1 ). At the other extreme, virtually all of the cells in some tumors stain with both epithelial and mesenchymal markers (Figure 2 ). The observation of great heterogeneity, even within the same cohort, raises the possibility that not all of the spindle-cell tumors are the result of EMT. For example, they could arise from mesenchymal subpopulations, be mixed cell populations or bi-phasic tumors. However, the demonstration of the two intermediate filaments in the same cells supports the hypothesis that they arose from the same lineage but does not exclude the possibility of fusion of two cell types. These questions of origins or mechanisms cannot be satisfactorily addressed with evidence based on retrospective analysis of paraffin-embedded archives. As with most pathologists faced with this dilemma, we are limited to recognition of the end result and can only speculate about the mechanism.
The study with Met-1 cells provides a well-documented, prototypic example of EMT transformation using tumor cells that arise from a common epithelial origin initiated by the same oncogene. These cells maintained their clonal karyotype and epithelial phenotype during multiple generations of serial transplantation 17 until they were transfected with antisense OPN RNA. 18 Their metastatic potential was lost and they underwent a morphological transformation from distinctly epithelial to spindle-cell tumors. This, we believe, is an experimentally based example of EMT tumorigenesis. The biological and morphological observations of this transition should inform future interpretations of EMT tumorigenesis in the mouse by demonstrating one extreme of the EMT phenotype tumor, that is non-dual staining.
Further, genes associated with EMT, Snail and Snail-related genes, are found upregulated in expression microarrays of the spindle cell Met-1 AS-OPN tumors. Upregulation TGFb1 and SDC1, as well as the transcription factor SIP-1, have been directly implicated in the regulation of EMT target genes and have been found related to increase of progression and invasion in mouse models. [25] [26] [27] [28] These observations all support the idea that the Met-1 AS-OPN spindle cell tumors arose as EMT tumorigenesis in the mouse mammary gland P Damonte et al a result of EMT transformation of Met-1 cells. If this interpretation is correct, the observations also support the notion that EMT can be associated with a complete loss of detectable epithelial markers, including the initiating oncogene. Perhaps, because this stably transfected cell line was clonally selected in vitro before explantation, the characteristic heterogeneity observed in the other cohorts was eliminated. Nevertheless, the model of an isolated epithelial cell, giving rise to a uniform spindle cell population serves as evidence of the potential for complete epithelial transition to mesenchymal phenotype.
The tumors of the other cohorts, which were not clonally selected, frequently demonstrate less complete loss of epithelial traits with frequent coexpression of mesenchymal and epithelial markers and loss of E-cadherin. In contrast, some cases, as illustrated with the doxycycline-induced tumors (Figure 3 ), retain very distinct epithelial populations in recurrent tumors after transformation from the original epithelial tumor. The tumor illustrated in Figure 3 also raises the possibility that the spindle cell population arises as a distinct subpopulation with unique molecular and phenotypic properties. These cohorts illustrate another possible extreme of the EMT phenotype.
Overexpression of Snail, a transcriptional repressor, has been associated with an increased incidence of metastases in human literature. 29 In contrast, the mouse Met-1 AS-OPN EMT tumors, with increased expression of Snail and it's downstream pathway (Supplementary Table 2 ), were associated with decreased metastases. 18 Further, the spindle-cell tumors from our other cohorts were not associated with documented metastases. The hypothesis that EMT is associated with more aggressive types of neoplasia does not support our studies in mice.
Dual epithelial and mesenchymal staining of spindle-cell tumors identifies some, but not all, associated with EMT in the mouse. In the context of the origins of the animal's tumor, the dual staining appears to be specific but not sensitive criteria. Overall, dual staining in spindle-cell tumors is a reliable indicator of EMT, but a lack of epithelial staining in a spindle-cell tumor population does not exclude EMT. As illustrated by FVB/N-Tac-Tg(Hba-x-v-Ha-ras)TG-ACLed, some mouse spindle-cell tumors have morphological features that are identical to EMT tumors but are derived from myeloid elements. 24 The cohorts illustrated herein exemplify the interpretative problems in assessing spindle-cell tumors in the mouse mammary gland and may shed light on human cancers. The cohorts illustrate that the emergence of spindle-cell populations might be associated with multiple possible molecular events. They also demonstrate that mouse mammary tumors, which are clearly EMT, have a heterogeneous range of microscopic and immunological phenotypes (Supplementary Table 1 ). Tumors with a mixture of glands and spindle cells with dual epithelial and mesenchymal markers are at one end of the range. The spindle cell rumors without detectable immunohistochemical markers are at the other end. The challenge for the practicing pathologist is to recognize the possibilities.
The interpretation of the tumors within each cohort is facilitated by their identical genetic backgrounds and initiation by the same genetic manipulation. Regardless of these factors, the spindle-cell tumors exhibit heterogeneity within each cohort. Based on these observations, we suggest that EMT is not a single tumor 'type' but is a process encompassing a number of phenotypes and, quite possibly, arise from a variety of mechanisms. If this interpretation is correct, more subtle molecular changes suggesting increased expression of mesenchymal-type genes or loss of epithelial genes are within the EMT process. Even some human breast cancers formerly classified as 'metaplastic' tumors may be EMT phenotype tumors. 30, [31] [32] [33] We suggest that, until all of the mechanisms are understood, 'EMT phenotype tumor' is a more appropriate term than 'EMT tumor'.
